Musculoskeletal disease and injury are estimated to account for one fifth of all disabilities and are one of the most common causes of severe long-term pain and physical disability for many millions of people across the world. The prevalence of musculoskeletal disorders exceeds that of heart disease and cancer, thus incurring a significant economic burden, at least in part due to lost earnings and reduced functional capacity (Decker 1983; Lawrence et al. 1989 ). The life expectancy of patients with musculoskeletal diseases such as RA is also markedly reduced (Symmons et al. 1998) . The impact of bone and joint disorders on society, the healthcare system and on the individual, combined with the awareness that resources need to be more efficiently used, has culminated in the proposal that 2000-2010 be designated as the 'Decade of the Bone and Joint'.
There are many aetiologies contributing to the development of musculoskeletal diseases. This review will focus on the role of the blood vessels in normal joint and in pathological conditions. The vasculature plays a crucial role in the development of musculoskeletal structures. Vascularization is important in the differentiation and mineralization of cartilage, which leads to formation of normal bone. By promoting the delivery of nutrients, oxygen and cells, blood vessels help maintain the structural and functional integrity of joints and soft tissue, and may facilitate tissue repair and healing. In contrast, aberrant vascular turnover is thought to contribute to the pathogenesis of disorders such as rheumatoid arthritis (RA), in which excessive vascularization may promote and maintain the inflammatory and hyperproliferative state of the joint. In the ensuing sections we will review the importance of the vasculature in the formation and function of the joint and in selected joint disorders, including inflammatory arthritides and diseases characterized by aberrant new bone formation. Finally, we will address the question of whether inhibition of new blood vessel formation should be considered as a future therapeutic strategy for the treatment of conditions such as RA.
Angiogenesis: a balance between pro-and anti-angiogenic stimuli
The formation of new blood vessels in vivo occurs in response to an increase in tissue mass and the concomitant requirement for increased delivery of oxygen and nutrients (Folkman 1995) . During embryogenesis blood vessels form de novo via the assembly of endothelial precursors called angioblasts in the absence of preexisting structures ('vasculogenesis'), forming the cardiovascular system, which is required to sustain the metabolic needs of the developing embryo. In the adult, the normal vasculature is extremely stable, and endothelial cell turnover can often be measured in years. However the vasculature is highly adaptable and, in response to an increased tissue mass, new capillaries can rapidly arise from the existing vascular bed, during both physiological situations (such as in the female reproductive cycle and wound healing) and in many disease states. This continued expansion of the vascular tree, termed 'angiogenesis', is a tightly governed process, which is the net result of a balance between maintenance of mature vessels, formation of new structures and regression of newly formed blood vessels.
Many pathological conditions are characterized by overabundant or -less frequently -insufficient vascularization. Angiogenesis is crucial in the growth and maintenance of solid tumours, and in fact many advances in the understanding of angiogenesis have emerged from studies of the tumour vasculature. The pioneering work of Judah Folkman and colleagues in the early 1970s demonstrated that in order to extend beyond a volume of 1 mm 3 , solid tumours need to establish their own blood supply by encouraging the growth of new blood vessels into the tumour tissue. The establishment of a blood supply provides the tumour cells with nutrients that enable them to expand and ultimately to metastasize. As a consequence, many antiangiogenic therapies are currently being developed, with some promising results in clinical trials, and may in future be used as adjuncts to conventional chemotherapy (Harris 1998) . A similar situation may exist in RA, where the proliferative and invasive nature of synovial pannus has frequently led to comparisons with tumour development (Paleolog 1996; Paleolog & Fava 1998; Paleolog & Miotla 1998) . As in the case of tumour growth, the expansion of the synovial pannus may result in local hypoxia, thus driving the need for a compensatory neovascularization, to increase the supply of nutrients and oxygen to the joint. Conversely, some cardiovascular diseases are characterized by insufficient vascularization, leading to the concept of 'therapeutic angiogenesis' as a means of managing these conditions. For example, in patients with severe myocardial ischaemia, narrowing of the coronary arteries leads to a state of hypoxia in the myocardium. Recent reports have showed that gene transfer of pro-angiogenic factors restored blood supply into ischaemic myocardium and enhanced heart function (Losordo et al. 1998). The evolution of an 'angiogenic phenotype' probably results not only from upregulation of endothelial growth factors, but also due to downregulation of inhibitors of angiogenesis, culminating in the continued expansion of the vascular tree (Table 1) . Modulators of angiogenesis may directly affect endothelial cell proliferation, migration or apoptosis, or exert indirect effects by modulating the levels of growth factors. In response to a pro-angiogenic stimulus, destabilization of the mature blood vessel must occur, as well as loosening of the cell-cell and cell-matrix interactions. Thereafter, endothelial cells migrate into the perivascular space, assisted by the interaction of endothelial cell adhesion molecules with extracellular matrix components such as fibronectin, collagen and laminin. Subsequently endothelial cells invade the vascular stroma, through the action of proteases such as plasminogen activator, and align themselves to form capillary sprouts and loops. Proliferation of endothelial cells proximal to the sprout occurs, with concomitant migration of cells at the leading edge of the sprout. Lumen formation occurs, and pericytes associate with the abluminal surface, to generate mature capillaries and postcapillary venules. Finally, the new vessel offshoot circulates blood into the now vascularized region (ColvilleNash & Willoughby 1997). More recently, it has become apparent that postnatal vasculogenesis may also occur, in addition to the classical paradigm of vessel formation in the adult as a consequence of angiogenesis. The existence of circulating endothelial cell progenitors has been demonstrated, and putative angioblasts have been isolated from the leucocyte fraction of peripheral blood, supporting the concept of a common precursor for haematopoietic and endothelial cells. The angioblasts differentiate into endothelial cells, and are incorporated into sites of active neovascularization in vivo (Asahara et al. 1997) . It is thus possible that new vessel formation in the adult may be a result of both angiogenesis and vasculogenesis. As the data concerning postnatal vasculogenesis are still relatively sparse, this review will focus on development of new vessels from pre-existing ones, i.e. angiogenesis.
One of the key players in the pathogenesis of angiogenesis-dependent diseases is vascular endothelial growth factor (VEGF) (Brown et al. 1997; Achen & Stacker 1998; Neufeld et al. 1999) . Many growth factors are pleiotropic in their effects, and promote proliferation of target cells other than endothelium. In contrast, VEGF appears to be the most endothelial cell-specific angiogenic factor characterized to date. The mechanisms whereby VEGF stimulates angiogenesis are both direct and indirect, in that VEGF not only stimulates microvascular endothelial cells to proliferate and migrate, but also renders these endothelial cells hyperpermeable, leading to alterations in the extracellular matrix which may favour angiogenesis. In addition to stimulating endothelial cell proliferation and chemotaxis in vitro and in vivo, VEGF induces secretion of matrix metalloproteinases (MMP) and increases urokinase-type plasminogen activator receptor expression on endothelial cells, thus enhancing the activity of urokinase-type plasminogen activator and presumably endothelial cell invasiveness. A key feature of VEGF is that it is upregulated by hypoxia, through transcriptional and post-transcriptional mechanisms (Shweiki et al. 1992 ). This makes VEGF production a key response in situations where excessive proliferation and hence hypoperfusion occurs (e.g. during the female reproductive cycle or in malignancies) or during tissue ischaemia (e.g. following myocardial infarction). As a consequence, VEGF is upregulated in a number of physiological and pathological conditions associated with hypoperfusion and/or hypoxia, including a range of solid tumours, atherosclerosis, RA, diabetic retinopathy, as well as during vasculogenesis in the embryo.
Other pro-angiogenic heparin-binding growth factors include members of the fibroblast growth factor (FGF) family, a group of nearly 20 heparin-binding growth factors (Burgess & Maciag 1989) . The prototypic members of the FGF family -namely acidic FGF (FGF-1) and basic FGF (FGF-2) -have been studied most extensively in vitro and in vivo. These two growth factors stimulate the proliferation of cells of mesenchymal origin, including the three principal vascular cell types: fibroblasts, endothelial cells and smooth muscle cells. Angiogenin is also a heparin-binding molecule, which induces neovascularization in the chicken chorioallantoic membrane and rabbit cornea models, and promotes endothelial cell invasion of Matrigel basement membrane. There are a number of other growth factors Angiogenesis and musculoskeletal disorders 237 which are pro-angiogenic, including transforming growth factor b (TGFb), which promotes proliferation of mesenchymal cells, platelet derived growth factor (PDGF), hepatocyte growth factor (HGF) and platelet derived endothelial cell growth factor (PD-ECGF or thymidine phosphorylase) (Claesson-Welsh 1994; Cox & Maurer 1997; Rosen & Goldberg 1997) . Many of the pro-angiogenic effects of these molecules may be indirect: for example, TGFb is a potent inducer of VEGF production by fibroblasts. The same may also be true for other 'pro-angiogenic' mediators such as tumour necrosis factor a (TNFa), which has been shown to upregulate release of VEGF (Ryuto et al. 1996; Yoshida et al. 1997; .
In terms of downregulation of angiogenesis, the finding of molecules with powerful antitumour activities in mice has produced great interest in the clinical potential of such angiogenesis inhibitors. Angiostatin and endostatin were both discovered as a result of the observation that the presence of a primary tumour can inhibit the development of metastases (O'Reilly et al. 1997) . It was hypothesized that the primary tumour produced angiogenesis inhibitors, which persisted in the circulation while local angiogenic promoters were degraded and exerted no systemic effect. Angiostatin and endostatin are fragments of larger circulatory proteins with no angiogenic activity; angiostatin is a 38-kD fragment of plasminogen, and endostatin is a fragment of collagen XVIII, a type of collagen found exclusively in blood vessels. Another plasminogen-derived angiogenesis inhibitor is K1-5 (protease-activated kringles 1-5), a result of the processing of plasminogen by urokinase-activated plasmin. The inhibitory effect of K1-5 is endothelial-cell-specific and appears to be at least approximately 50-fold greater than that of angiostatin (Cao et al. 1999) . Recently, a novel angiogenesis inhibitor which is a member of the TNF family has been identified from an endothelial cell cDNA library. This inhibitor, named vascular endothelial growth inhibitor (VEGI, also known as TL1), encodes a protein of 174 amino acid residues, and is expressed predominantly in endothelial cells. Local production of a secreted form of VEGI via gene transfer caused complete suppression of the growth of colon cancers in mice (Zhai et al. 1999) . Interestingly, other members of the TNF family, such as TNFa itself, and the recently identified protein TWEAK, can stimulate angiogenesis under the appropriate conditions (Ryuto et al. 1996; Yoshida et al. 1997; Lynch et al. 1999) .
The regulation of new blood vessel formation is thus a consequence of the balance of many factors, the concentration and relative activity of which governs whether angiogenesis is stimulated or inhibited. The subsequent sections will discuss the role of neovascularization in the context of normal joint function and disorders of the musculoskeletal system such as RA.
Angiogenesis and the normal joint
In higher organisms, a skeletal structure is fundamental for stable support, and to facilitate locomotion and protection of vital organs. In addition, tendons and ligaments transmit force and augment joint stability, whereas cartilage provides a flexible joint interface whilst the synovium lines and supports most joints. The combination of these elements forms a highly complex and co-ordinated system, which provides the speed, power, dexterity and precision of movement, to perform the tasks of life. The musculoskeletal system comprises muscles, bones, cartilage, tendons, ligaments and fascia, all of which are critical to its integrity, stability and motility. In terms of musculoskeletal disorders such as RA, the diarthrodial or synovial joints are of primary interest. Characteristic features of synovial joints include two bones, linked by a fibrous capsule, with a deeper synovium, which lines the joints, except in the areas of the articular cartilage. There is a relatively abundant blood supply, which delivers cells and nutrients to the epiphysis, joint capsule and the synovium. The synovial circulation also generates intra-articular fluid that transports glucose to chondrocytes by convection during joint movement and lubricates joints, reducing erosion of joint surfaces.
Each articular surface is composed of hyaline cartilage, which strongly adheres to the underlying subchondral bone. Normal cartilage is a complex material consisting of a matrix composed primarily of collagen and proteoglycan, which is saturated with water. Cartilage is normally resistant to vascular invasion, and supply of nutrients to the chondrocytes, which are metabolically active but not in close proximity to a capillary, is achieved by the microcirculation of the synovium. Formation of bone from cartilage ('endochondral ossification') occurs in the embryo and during healing of fractures, and formation of new blood vessels is an integral part of this process. During endochondral bone formation, calcified cartilage formed in the cartilaginous bone rudiment allows vascular invasion, which initiates the replacement of cartilage by bone. The normally avascular cartilage differentiates to hypertrophic cartilage, which then undergoes erosion and vascularization leading to bone deposition. Blood vessels grow into the hypertrophic cartilage (characterized by the synthesis of type X collagen and matrix calcification) and erode it to produce a scaffold on which osteoblasts settle to produce woven bone ( Figure 1 ).
The control of cartilage vascularity thus plays a key role in bone formation. It is generally believed that chondrocytes of the cartilage produce factors which inhibit endothelial cell migration and growth and prevent blood vessel invasion even in the presence of proangiogenesis factors. Conversely, endothelial cells of the subchondral blood vessels release factors influencing growth and differentiation of chondrocytes in the Angiogenesis and musculoskeletal disorders 239 The role of VEGF in angiogenesis during joint development and in the pathogenesis of arthritis. The synovial circulation delivers cells and nutrients to the epiphysis, joint capsule and the synovium, and generates synovial fluid that transports glucose to chondrocytes. Endochondral bone formation results from expression of VEGF by chondrocytes in the growth plate, allowing vascular invasion and replacement of cartilage by bone. During the development of RA, the synovial lining becomes thickened and infiltrated by cells from the blood. The additional demands for oxygen and nutrients made by the proliferating synovial cells lead to hypoperfusion and hypoxia. Expression of VEGF by synovial macrophages and fibroblasts in response to hypoxia drives angiogenesis and hence further synovial proliferation and invasion/destruction of cartilage and bone. In OA, hypoxia can occur, resulting in under-nourishment of cartilage and hence cartilage thinning. At sites of mechanical stress such as joint margins close to articular cartilage, capillary encroachment into the subchondral plate and articular cartilage may promote osteophyte formation. avascular growth plate, suggesting that a fine balance between chondrocyte-and endothelial-derived signals is essential for normal development and growth of bone. It has been suggested that VEGF-mediated capillary invasion regulates growth plate morphogenesis and triggers cartilage remodelling (Table 2) . Hypertrophic chondrocytes in the epiphyseal growth plate express VEGF, and administration of a soluble VEGF receptor chimeric protein to 24-day-old mice was used to determine the role of VEGF in endochondral bone formation. Blood vessel invasion was almost completely suppressed, in parallel with impaired trabecular bone formation and expansion of hypertrophic chondrocyte zone. Although proliferation, differentiation and maturation of chondrocytes were apparently normal, resorption was inhibited. Cessation of the anti-VEGF treatment was followed by capillary invasion, restoration of bone growth, resorption of the hypertrophic cartilage and normalization of the growth plate architecture (Gerber et al. 1999) . The importance of angiogenesis in bone formation was also demonstrated in a study in which collagen pellets containing recombinant human bone morphogenetic protein-2 (BMP-2), a potent inducer of ectopic bone formation, were implanted in mice. These mice also received an inhibitor of angiogenesis, TNP-470, a semisynthetic analogue of the antibiotic fumagillin. TNP-470 inhibited ectopic new bone formation, and histological examination revealed reduced proliferation of mesenchymal cells and chondrogenesis at the initial step of endochondral bone formation. Immunohistochemical staining with a specific antibody against the BMP receptor BMP-IA showed that TNP-470 reduced the number of receptorpositive cells surrounding the BMP pellets. This suggests that angiogenesis may play an essential role in the recruitment of BMP-receptor-positive cells that can differentiate into chondrocytes and/or osteoblasts (Mori et al. 1998) . Re-establishment of the circulation is also a key early event in fracture healing. Fracture of bone has been shown to disrupt its circulation, leading to necrosis and hypoxia of adjacent bone. Changes in serum levels of a low molecular weight 'endothelial cell stimulating angiogenesis factor' (ESAF) have been reported in group of patients with tibial fractures.
The identity of potential inhibitors of angiogenesis in cartilage has been the subject of many studies (Eisenstein et al. 1975; Moses et al. 1990 ). One such inhibitory protein may be chondromodulin-1 (ChM-1), which has been purified from foetal cartilage and reported to inhibit tube morphogenesis of cultured vascular endothelial cells in vitro and to suppress angiogenesis in chick chorioallantoic membrane in vivo. In contrast, ChM-1 stimulated DNA synthesis and proteoglycan synthesis of cultured growth plate chondrocytes, thereby stimulating cartilage growth and inhibiting replacement of cartilage by bone. In situ hybridization and immunohistochemical studies indicated that ChM-1 was specifically expressed in the avascular zone of cartilage in developing bone, but not present in calcifying cartilage (Hiraki et al. 1999 ).
240 S.C. Ballara et al. (Sheu et al. 1998) . New blood vessel formation is thus an integral part of joint development. Suppressed synthesis of antiangiogenic factors such as ChM-1 and TnI, together with enhanced production of pro-angiogenic factors such as transferrin (Carlevaro et al. 1997) , by hypertrophic chondrocytes could promote the invasion of hypertrophic cartilage by blood vessels. Under certain conditions angiogenesis in the joint becomes disregulated, contributing to the pathology of joint disorders. Defective chondrocyte hypertrophy and angiogenesis may underlie impairment of skeletal growth, such as that observed in rickets. For example, rickets is induced clinically and experimentally by a deficiency of vitamin D, metabolites of which, such as 1, 25-dihydroxy vitamin D3, induce production of an angiogenic molecule by hypertrophic chondrocytes (Wang et al. 1996) . In adults, angiogenesis may occur in the synovium, cartilage and entheses, during the course of the development of diseases such as RA, osteoarthritis (OA) and ankylosing spondylitis.
Angiogenesis in musculoskeletal disorders
Angiogenesis and rheumatoid arthritis RA is a chronic autoimmune inflammatory disease, most frequently involving the small joints of hands, wrists and feet. The prevalence of RA in the populations of Western Europe and the US is approximately 1%, with a female to male ratio of 3:1. The peak onset age occurs between the fifth and sixth decades of life. In spite of many years of intensive investigation, the cause of RA still remains unknown, although current thinking favours the concept of a multifactorial disease, in which contributory genetic factors (in particular, an association with HLA-DR4) combine with environmental and possibly infectious influences to initiate disease. The primary site of inflammation in RA is the synovium, which lines the closed spaces of articular joints . Under normal conditions, the synovium is 1-2 cell layers thick, but in RA the lining increases in thickness up to 6-8 cell layers, and becomes infiltrated by cells of lympho-haematopoietic origin (chiefly activated memory CD4
þ T cells and macrophages). This infiltration is a result of an increase both in the recruitment of cells from the circulation by the vascular endothelium and in the retention of cells within the synovial membrane. The additional demands for oxygen and nutrients made by the infiltrating leucocytes and by the proliferating synovial lining cells would thus result in areas of hypoxia within the synovium. There have been many reports of reduced synovial fluid pO 2 measurements in human arthritic joints. In a study of patients with a variety of joint disorders, the lowest synovial fluid pO 2 values were found in individuals with RA. Several studies have also demonstrated that the oxygen consumption of the RA synovium (per unit weight of tissue) is increased, and that glucose is oxidized through the anaerobic, as opposed to aerobic, pathway (Blake et al. Stevens et al. 1991b ). Moreover, the large volume of synovial fluid within the joints may increase intra-articular pressure and temporarily obliterate capillary flow in the synovium, compounding the hypoxic state. The resting intra-articular pressure in inflamed joints has been found to be elevated relative to normal joints, and this effect would be exarcebated during movement of joints. Such a situation of increased requirement for nutrients and oxygen is an ideal environment for enhanced angiogenesis. Endothelial cells lining the small blood vessels within RA synovium have been shown to express cell cycle-associated antigens such as PCNA and Ki67, as well as markers of angiogenesis such as integrin aVb3 (Ceponis et al. Walsh et al. 1998) . However, despite this pro-angiogenic phenotype, it may well be that the process of new blood vessel formation does not actually keep pace with synovial tissue proliferation, leading to areas of hypoperfusion, thus further perpetuating the hypoxic state in RA (Figure 1) .
The presence of mRNA and protein for many factors capable of inducing angiogenesis in RA synovium is well-documented, and it is generally thought that an accumulation of signals (e.g. recurrent hypoxia, release of low/moderate levels of pro-angiogenic cytokines) may eventually breach the angiogenic 'threshold', leading to disregulated vascular proliferation (Paleolog & Fava 1998; Paleolog & Miotla 1998) . In the context of the human arthritic joint, Brown and colleagues reported as long ago as 1980 that synovial fluids from patients with RA contained a low-molecular-weight angiogenesis factor apparently identical with that derived from tumours (Brown et al. 1980) . Subsequently it was demonstrated that RA synovial fluids caused early morphological changes in endothelial cell cultures, including the formation of tubular networks morphologically resembling capillaries (Semble et al. 1985) . The key molecules which may play a role in modulating angiogenesis in RA are listed in Table 2 . Many of the broadly acting growth factors have been detected in RA synovial tissue (Sano et al. 1990; Sano et al. 1993; Qu et al. 1995) . Both FGF-1 and FGF-2 have been demonstrated to be present in human disease and in animal models of arthritis. Synovial tissue from patients with RA and degenerative joint diseases express FGF-1, with staining present in the lining synoviocytes and at the pannus-cartilage interface, suggesting that FGF-1 may play a role in synovial hyperplasia and joint destruction. FGF-2 staining correlated with the extent and intensity of synovial mononuclear cell infiltration. Scatter factor/HGF has been found at significant levels in RA synovial fluids in a biologically active form, and anti-HGF partially neutralized the chemotactic activity for endothelial cells found in RA synovial fluids. Expression of PDGF and PD-ECGF has also been reported (Remmers et al. 1991) . Immunostaining of RA synovium with anti-PDGF antibody showed predominant localization of this mitogen to macrophage-like cells, and the extent and intensity of staining correlated with mononuclear cell infiltration. PDGF receptors are expressed by synovial lining cells of the fibroblastic type, suggesting that PDGF may play a more important role in stimulating fibroblast rather than endothelial proliferation. Like HGF, PD-ECGF has been found to be present in rheumatoid synovial fluids and tissues. TGFb has been shown to immunolocalize to the macrophages and fibroblasts in the RA synovial lining layer (Chu et al. 1992) . The potential role of this growth factor in angiogenesis during the course of RA is complex, in that TGFb exerts diverse effects on different cell types. Neutralizing anti-TGFb antibodies have been shown to both enhance experimental arthritis (when given systemically), or to ameliorate arthritis (when given locally). In vitro, TGFb generally exerts inhibitory rather than stimulatory effects on endothelial cell proliferation, although paradoxically in vivo TGFb is a powerful pro-angiogenic agent. This may be due to the ability of TGFb to induce VEGF gene expression and secretion in fibroblast and epithelial cell lines, and indeed TGFb has been found to be by far the most powerful inducer of VEGF secretion by human synovial fibroblasts. Thus, it seems likely that in RA, TGFb exerts its angiogenic effects largely through stimulation of VEGF secretion by fibroblasts.
VEGF is one of the more recent additions to the list of heparin-binding pro-angiogenic stimuli which are expressed in RA (Fava et al. 1994; Koch et al. 1994; Nagashima et al. 1995; ). The induction of VEGF expression by hypoxia makes this growth factor one of the more likely players in the generation of a pro-angiogenic phenotype in RA. Studies from our group have shown that incubation of RA synovial membrane cells in hypoxic conditions selectively upregulated release of VEGF, indicating that a component of the new blood vessel formation observed in RA may result from hypoxia-driven induction of VEGF expression ). In addition, the dual role of VEGF as both an endothelial cell mitogen and vascular permeability factor is of particular relevance in RA, in which angiogenesis and joint oedema are important. VEGF has been detected in synovial fluids from RA patients, and incubation of RA synovial fluids with neutralizing anti-VEGF antibody significantly inhibited endothelial cell chemotaxis (Koch et al. 1994) . RA synovial tissue has been shown to express VEGF, predominantly in macrophages and lining cells, as well as endothelial cells lining small blood vessels within the pannus. Microvascular endothelial cells in the vicinity of VEGF-positive cells express mRNA for both VEGF receptors (Fava et al. 1994; Koch et al. 1994) . We have also reported that serum levels of VEGF were markedly elevated in patients with RA, and modulated by therapies such as anti-TNFa monoclonal antibody . For example, in 30 patients with established RA, serum VEGF levels were found to be 0.59 Ϯ 0.07 ng/ml (mean Ϯ SEM), compared with 0.22 Ϯ 0.02 ng/ml in 53 age-matched individuals without arthritis (P < 0.001 vs. patients with RA; Figure 2 ). Treatment of RA patients with anti-TNFa antibody (REMI-CADE) reduced serum VEGF levels to 0.38 Ϯ 0.05 ng/ ml after 2 weeks (P < 0.001 vs. pretreatment serum VEGF); however, theses values were still significantly (P < 0.01) higher than in normal controls (Figure 2 ).
There are many other factors which may regulate new blood vessel formation in RA, including thrombospondin-1 (TSP-1) and TNFa (Brennan et al. 1989) . TSP-1 is generally found in the matrix of synovial vessels, although immunoreactivity for TSP-1 was also seen associated with macrophages in synovium and in the synovial lining layer. It is possible that TSP-1 plays both an inductive and inhibitory role on angiogenesis in RA, depending upon the context within which the endothelium is exposed to TSP-1. TNFa, which plays a pivotal role in the pathogenesis of RA, exerts both stimulatory and inhibitory effects on the angiogenic process, and it is likely that this cytokine will exert either direct or indirect effects on blood vessel formation in RA. Certainly production by synovial joint cells of angiogenic cytokines such as VEGF is at least in part induced by TNFa . Synovial fluids of patients with RA were shown to induce angiogenesis in a mouse model. This effect could be neutralized using monoclonal antibodies against TNFa, suggesting that angiogenesis observed in rheumatoid synovitis may be due, at least in part, to the angiogenic effect of locally produced TNFa. The beneficial effects of anti-TNFa in both animal models of arthritis and in human RA have also led to the hypothesis that modulation of the activation status of vascular endothelium, in terms of either leucocyte extravasation or proliferation, is an important consequence of antiTNFa therapy . Finally, the heparin-binding protein angiogenin has been found to be present at relatively high levels in synovial fluids from RA patients, and colocalized with FGF-2 in synovial membranes (Hosaka et al. 1995) . Synovial lining cells, macrophages, endothelial cells and vascular smooth muscle cells were immunopositive for angiogenin.
In summary, many growth factors and cytokines are potential inducers of angiogenesis in RA. The most likely scenario is that an accumulation of suboptimal levels of signals, such as VEGF, chemokines or growth factors, will eventually propel the synovial microvasculature towards disregulated angiogenesis, and hence increased synovial tissue mass. Although angiogenesis has always been considered to be a detrimental process in RA, in that it is thought to maintain the destructive pannus, it is also possible that new vessel formation may be part of a reparative process, to reconstruct the damaged bone/ cartilage. Arguing against this concept is the demonstration of the effectiveness of angiogenesis inhibition in animal models of arthritis. In a rat model of arthritis, in which disease is induced by injection of heterologous collagen, leading to synovitis, joint erosion and associated neovascularization, the antiproliferative agent TNP-470 was found to suppress established disease, in parallel with marked inhibition of pannus formation and neovascularization (Peacock et al. 1992; Oliver et al. 1994; Oliver et al. 1995) . More recently, specific antagonists of aVb3 were used in a rabbit model resembling human RA, in which arthritis was induced by injection of ovalbumin and FGF-2. Intra-articular injections of aVb3 antibody decreased vascularity in the arthritic synovium, associated with a significant decrease in all arthritic parameters including joint swelling and synovitis. More importantly, the beneficial effects of angiogenesis inhibition were evident even in chronic, well established disease (Storgard et al. 1999) . It therefore seems likely that like psoriasis and tumours, RA can also be classified as an 'angiogenesis-dependent disease'.
Angiogenesis and osteoarthritis
OA is the commonest joint disorder, and affects the majority of people over the age of 65. Genetic and systemic factors predispose to the condition, whereas local biomechanical factors dictate the site and severity of joint disease. In contrast to RA, which is a systemic disease with predilection for the joints, OA is predominantly characterized by pathological changes at one or more of the large, weight-bearing joints of the lower extremities. Although traditionally viewed as failure of the joint to withstand acute or chronic mechanical insult, it is now widely believed that the osteoarthritic process is Angiogenesis and musculoskeletal disorders 243 (Table 2) . Firstly, as in RA, the intra-articular milieu in OA is potently pro-angiogenic. Hypoxia can occur, and indeed it has been suggested that hypoxia caused by reduced subchondral blood flow plays a role in the development of tissue damage in OA. Certainly in patients with late stage unilateral OA, the subchondral pO 2 in the diseased hip was significantly lower than the pO 2 in the normal hip (Kiaer et al. 1988 ). Inflammatory synovitis is observed, particularly in late stages of OA, thereby providing a potential source of pro-angiogenic molecules such as TNFa (Westacott & Sharif 1996) . The ability of RA synovial fluids to induce capillary-like structure formation in human endothelial cell cultures were described earlier, and similar effects of OA fluids have been demonstrated by the same authors (Semble et al. 1985) . Synovial fluid white cell counts or serum rheumatoid factor titres were not associated with appearance or time of onset of capillary-like structure formation, implying the relative lack of importance of joint inflammation for these effects. A number of pro-angiogenic factors can be isolated from osteoarthritic joints, one of which is the poorly characterized 600 D endothelial-specific growth factor ESAF. In two-thirds of patients with OA analysed, there were sufficient levels of ESAF in the synovial fluid to induce angiogenesis in a chick chorioallantoic membrane assay. This compared with only 15% of RA joint effusions (Brown et al. 1980) . Far fewer inflammatory cells were present in the OA effusions compared with either sero-positive RA or sero-negative arthritis groups, again implying that the production of angiogenic activity as measured by the presence of ESAF could not be solely attributed to inflammatory cells. Our own studies have demonstrated that VEGF may play a role in OA. We observed that serum levels of VEGF in patients with OA were higher than in age-matched controls, but lower than in patients with RA (Ballara et al. unpublished observation), in agreement with published data (Harada et al. 1998) . VEGF is expressed in lining cells and fibroblasts in OA synovial tissue, albeit rather weakly relative to RA (Koch et al. 1994; Nagashima et al. 1995; Jackson et al. 1997) . Other pro-angiogenic molecules expressed in OA synovium include HGF, PD-ECGF, FGF-2 and angiogenin.
The net effect appears to be increased vascularity in OA synovium and invasion of cartilage by new vessels from underlying bone (Stephens et al. 1979) .
Neovascularization may be important in three processes implicated in the pathogenesis of OA -changes in the subchondral plate, joint remodelling and osteophyte formation (Brown & Weiss 1988) (Figure 1) . The subchondral bone is likely to be crucial to the pathogenesis of OA. Until recently it was accepted that OA was primarily a disorder of cartilage with reactive subchondral changes. There is now some evidence that subchondral pathology may be equally important in generation of joint changes in OA, although at present it is unclear whether subchondral vascular responses represent healing phenomena or contribute to joint pathology. Subchondral bone changes in OA include redistribution of blood supply, marrow hypertension, oedema, micronecrosis and microfractures. Vascular invasion, an essential element of fracture repair, may reflect ongoing fracture healing at the joint margin. The subchondral region appears to be more sensitive to mechanical stress and impairment of the microvascular supply (for example due to subchondral sclerosis), resulting in under-nourishment of cartilage. Cartilage changes similar to human OA can be precipitated by the induction of prolonged ischaemia of underlying subchondral bone in rabbits (Graf et al. 1992) . In addition to vascular ischaemia or shunting, cartilage thinning may be induced by direct extension of the subchondral growth plate by calcification of deepzone articular cartilage. This process is well documented in OA and requires vascular invasion prior to ossification. Such encroachment has been associated with observations of unremodelled cartilage islands in the bone beneath the plate. Incomplete remodelling of this kind may result in failure of the joint to adapt to changing mechanical stresses or impair load carrying, causing eventual cartilage degeneration by mechanical failure.
In addition to its role in subchondral bone, neovascularization may potentiate cartilage damage directly in a number of ways. The disruption of net antiangiogenic activity and resultant cartilage vascularization can be expected to compromise cartilage biomechanical properties. Failure of cartilage to produce protease inhibitors to block neovascularization has been put forward as a basis for initiation of cartilage loss in response to mechanical loading in OA (Stephens et al. 1979) . Alternatively, cartilage and bone may be directly degraded by disturbance in the control of endogenous enzymes normally involved in remodelling. Connective tissue degradation is dependent on three MMPs, namely interstitial collagenase (MMP-1), stromelysin-1 (MMP-3) and gelatinase A (MMP-2). These enzymes are also involved in breakdown of the vascular basement membrane and therefore are an important feature of angiogenesis. ESAF has been shown to activate all three enzymes and is also the only physiological molecule able to reactivate each MMP when it is complexed with tissue inhibitor of metalloproteinase (TIMP) (McLaughlin & Weiss 1996) . ESAF may therefore be an important molecule both in terms of angiogenic responses and also of promotion of metalloproteinase directed connective tissue degradative effects within arthritic joints. The presence of ESAF in other conditions characterized by noninflammatory angiogenesis (e.g. bone growth, diabetic retinopathy) (Odedra & Weiss 1991) suggests a role for this factor in noninflammatory as opposed to inflammatory angiogenesis.
Another integral feature of OA is the formation of bony outgrowths called osteophytes, which occur at sites of mechanical stress such as insertion points of ligaments and tendons (entheses) and at joint margins close to articular cartilage. Osteophyte formation starts from activation of periosteal layers to an initial cartilaginous structure, which subsequently ossifies. A prerequisite for this process, akin to endochondral ossification, is the invasion of cartilage by new vessels. Capillary encroachment into the subchondral plate and deep zone of articular cartilage has been observed at an early stage of osteophyte formation. Since normal cartilage contains inhibitors of angiogenesis and of MMP activity, this natural barrier to vascular invasion must be breached for osteophyte formation to occur. Similar phenomena called syndesmophytes occur in other debilitating rheumatological conditions such as ankylosing spondylitis. This disease is characterized by inflammatory sacro-iliitis and spondylitis. Subsequent bony fusion of the sacro-iliac joints occurs and the vertebral spine becomes fused as a result of bridging of the syndesmophytes. The resulting spinal rigidity is a significant cause of pain, disability and mortality. As in OA, ESAF activity is found in synovial fluid in 66% of patients with ankylosing spondylitis (Brown et al. 1980) . ESAF was also raised in the sera of patients with ankylosing spondylitis compared with controls and higher levels correlated with degree of enthesitis as assessed by a validated enthesitis index (Jones et al. 1994) . This index correlated with degree of radiological sacro-iliitis and syndesmophyte formation. No correlations between serum ESAF levels and markers of inflammatory disease activity were found. In vitro, ESAF activity appears to be associated with osteogenesis, since cultured growth plate chondrocytes synthesize a cartilage-like matrix when ESAF is added (McFarland et al. 1990 ). Angiogenesis may therefore play an important role in the excessive new bone formation that characterizes both these OA and ankylosing spondylitis.
At present no agent can effectively control new bone formation. As discussed earlier, the angiogenesis inhibitor TNP-470 inhibits ectopic bone formation following implantation of pellets containing recombinant human BMP-2 in mice (Mori et al. 1998) . This raises the possibility that antiangiogenic agents may have a therapeutic role in conditions such as OA and ankylosing spondylitis, where they may be useful in inhibiting both excessive bone formation and bone destruction by inflammatory tissues.
Angiogenesis in vertebral disc and soft tissue disease
Other musculoskeletal conditions include back pain, which in particular is a major clinical problem, with a prevalence of 14% at any one time and a lifetime prevalence of 60-80%. A common cause of acute back pain is posterior herniation of the intervertebral disc following a minor mechanical stress such as bending or lifting. There is clear evidence that neovascularization is associated with this condition. The intervertebral disc consists of a central gelatinous nucleus pulposus, composed predominantly of proteoglycan, surrounded by a fibrous annulus constructed of concentric layers of collagen fibres. It is vascularized in early life but the nucleus pulposus becomes avascular after adolescence. Nutritional conditions are highly critical in the normal intervertebral disc. Blood vessels are found only at the margin of the annulus fibrosus and in the vertebral marrow spaces, where permeability and diffusion coefficients for glucose are low (Maroudas et al. 1975) . Histological and angiographic studies of lumbar spines show increasing vascularity of the annulus with advancing age and degeneration of the disc (Kauppila 1995) . Herniated lumbar discs excised at surgery have shown a high frequency of microvessels at the superficial edges of herniated nucleus pulposus, a finding not mirrored in control unherniated age matched specimens.
Little is known about whether angiogenic responses predispose to disc prolapse or represent an attempt to heal a degenerating disc. Vascularization has been shown to occur prior to degenerative changes in intervertebral discs, suggesting that disturbances in the nutritional supply may precede degenerative change (Kauppila 1995) . The prevalence of blood vessels in herniated discs is very high (> 90%), and these vessels predominate in close proximity to disc cells, suggesting a role in the neovascularization process after disc injury. VEGFand PDGF-immunopositive capillaries were identified in over 70% of disc herniation samples, whereas FGF-2 was found in 81% of samples in the same study (Tolonen et al. 1997) . In this study FGF-2 was predominantly localized to small blood vessels and scattered disc cells. In addition to being a potent pro-angiogenic mediator, FGF-2 regulates extracellular proteolysis and may have effects on proteolytic activity and resorption of the herniated disc. Resorption occurs in the majority of herniated discs. Once prolapsed, it is likely that neovascularization augments resorption by promoting the delivery of phagocytic cells.
Other components of the musculoskeletal system where vascularity and angiogenesis are likely to be important are the peri-articular structures such as tendons, ligaments, entheses and joint capsules. Mechanical damage to these structures is extremely common, resulting in complete or partial tears and inflammatory responses from overuse. The vascular supply to many of these regions is precarious. For example, in the rotator cuff of the shoulder, a critical zone of low blood flow and vascularity occurs in the supraspinatus tendon at a common site for tendonitis and traumatic damage (Determe et al. 1996) . Poor vascularity has been found in studies of a number of ruptured tendons including Achilles, posterior tibial and calcaneal tendons (Carr & Norris 1989) . As with wound healing, repair of damaged tendons or ligaments seems to require pro-angiogenic responses. FGF-2 enhanced the rate of repair and correlated with increased neovascularization and granulation tissue formation in surgically induced lacerations in canine anterior cruciate ligaments. Pro-angiogenic mediators have also been used in other systems to promote healing -for example angiogenin implantation into experimentally injured menisci (King & Vallee 1991) . Physical training -a standard therapeutic strategy -has also been shown to promote vascularization and repair at the myotendinous junction in an experimental system, whereas only limited post-traumatic healing occurs in tissues in which vascularization and angiogenic responses are poor, such as the ligaments in and around the knee (Kvist et al. 1995) .
In contrast to acute injuries to soft tissues, chronic repetitive strain often leads to hypervascularity. Severe recalcitrant soft tissue disease requiring surgical treatment, such as chronic lateral epicondylitis or Achilles/patellar tendonitis is associated with prominent angiogenesis (Astrom & Rausing 1995) . The mechanisms underlying these processes are unclear but varying degrees of chronic inflammatory, fibrotic and degenerative change are observed. In certain conditions such as adhesive capsulitis of the shoulder, a number of pro-inflammatory cytokines with angiogenic properties have been demonstrated (e.g. PDGF, TNFa, HGF and TGFb) at a higher frequency than patients with synovitis without fibrotic change (Rodeo et al. 1997 ).
Angiogenesis inhibition: a therapeutic strategy for the treatment of RA?
It has been recognized for over 20 years that the vasculature plays a key role in both the development of the normal joint and in the pathogenesis of musculoskeletal disorders such as RA, OA and ankylosing spondylitis. The general consensus is that angiogenesis is a detrimental component of the disease process. It is interesting that in RA, the disease in which neovascularization has been most extensively studied, it is still unclear whether the density of blood vessels in the arthritic synovium per unit area is increased, unchanged or even reduced. It is thought that although angiogenesis occurs during the development of the arthritic pannus, the process of new blood vessel formation may not actually keep pace with synovial tissue proliferation, and hence the vessel density may, if anything, appear to be reduced. A study in 1991 suggested that capillaries in RA synovium are distributed more deeply, and are less densely arranged, than in normal synovial tissue (Stevens et al. 1991a ). Whether or not the density of blood vessels per unit area is increased, unchanged or decreased in the RA synovium, there is undoubtedly formation of new blood vessels in RA, as demonstrated by the expression of many pro-angiogenic mediators and molecules associated with angiogenic vasculature, such as integrin aVb3. It has been demonstrated that in RA, 1% of endothelial cells lining the small blood vessels of the synovium express cell cycle-associated antigens such as PCNA and Ki67 (Ceponis et al. 1998; Walsh et al. 1998) . These values are higher than in control samples, suggesting that pro-angiogenic status is favoured in RA. The number of synovial blood vessels has been found to correlate with synovial cell hyperplasia, mononuclear cell infiltration and indices of joint tenderness (Rooney et al. 1988) .
In terms of antiangiogenic therapy in RA, it is interesting that some of the antirheumatic drugs currently in clinical use or in trials may exert effects on the vasculature. Studies from our group at the Kennedy Institute of Rheumatology have demonstrated that anti-TNFa monoclonal antibody, which results in amelioration of disease symptoms, modulates VEGF levels. Serum VEGF concentrations are significantly elevated in the sera of RA patients relative to nonarthritic individuals, and correlate with disease activity. Treatment of RA patients with anti-TNFa markedly decreased serum VEGF (Figure 2) , and this reduction has been found to correlate with alterations in disease parameters such as C-reactive protein levels and swollen joint scores. These observations suggested that the clinical benefits of antiTNFa antibody therapy are associated with a reduction in circulating VEGF levels, which may lead to decreased joint vascularity and swelling (possibly due to reduced vascular permeability) . Other antirheumatic drugs, such as indomethacin, methotrexate and corticosteroids inhibit angiogenesis. Methotrexate, at doses which are attained in the serum of RA patients treated with this drug, inhibited both basal and stimulated endothelial proliferation in vitro. Thiol containing and gold compounds, also used therapeutically in RA, may modulate neovascularization indirectly by inhibiting the production of angiogenic activity by macrophages.
Anti-angiogenic therapies, such as TNP-470 and Taxol, have been demonstrated to be effective in animal models of arthritis (Peacock et al. 1992; Oliver et al. 1994 Oliver et al. , 1995 . In addition, thalidomide, as well as an endogenous metabolite of estradiol, 2-methoxyestradiol, have also been found to suppress disease in collageninduced arthritis via antiangiogenic effects (Josefsson & Tarkowski 1997; Oliver et al. 1998 ). More specifically, antagonists of the neovascular integrin aVb3 reduced joint swelling and synovitis in a rabbit model of arthritis. Based on the close association of angiogenesis and VEGF in arthritic disease, a hypothesis could also be made that direct suppression of VEGF activity should be effective in RA. However, the benefits of VEGF-targeted therapy in arthritis have yet to be proven.
Conclusions
The pathogenesis of most musculoskeletal problems remains obscure, and it is therefore not surprising that treatment is unsatisfactory and is based largely on the control of symptoms, until damage is of sufficient severity to warrant surgical intervention. In inflammatory joint disease, early events initiating and maintaining the immune reaction are unresolved. Standard treatments are largely empirical, with little knowledge of how they work, or with nonspecific anti-inflammatory effects. In recent years our understanding of the inflammatory process in disease such as RA has increased, and this has led to the introduction of more rational therapies targeting specific elements in the pro-inflammatory response -for example anti-TNFa monoclonal antibody (REMICADE) (Elliott et al. 1994; Paleolog et al. 1996 or the TNF p75 receptor:Fc fusion protein (Etanercept) (Moreland et al. 1997 (Moreland et al. , 1999 . These have been highly successful in alleviating symptoms and signs of inflammatory joint disease but like more established treatments, prevention of joint damage and disability have only been demonstrated in the short to medium term. Long-term benefits are limited and a considerable proportion of patients are resistant to standard therapies. Moreover, monitoring of response to treatment rests on surrogate markers of joint inflammation, such as acute phase proteins. Even effective control of inflammation does not necessarily prevent deterioration of joint damage in RA or progressive spinal fusion in ankylosing spondylitis. Therefore, a better understanding of the processes contributing to the disease process is essential if better disease monitoring and therapeutic strategies are to be developed.
The microvascular supply and processes controlling blood vessel density and distribution may play an important role in many diseases of the musculoskeletal system. In some processes such as an acutely injured tendon, promotion of the pro-angiogenic drive may be beneficial for repair of damaged tissue. In diseases such as RA, the vasculature promotes delivery of inflammatory mediators, cells and nutrients and therefore potentiates ongoing disease. Anti-angiogenic therapy may be a useful adjunct to existing anti-inflammatory approaches in this setting. The angiogenic drive is also likely to be an important component of OA and in diseases characterized by new bone formation. As the complex processes governing neovascularization are clarified, modulation of vascular growth is fast becoming a reality. Having demonstrated efficacy in animal models of disease, including inflammatory arthritis (Storgard et al. 1999) , angiogenic modulators now in trials in a variety of human diseases (Brem 1998). Apart from wound healing and the female reproductive cycle, there is minimal requirement for angiogenesis in adults and undesirable side-effects of such treatment are likely to be modest. As we have outlined in this review, therapy directed against blood vessels has enormous clinical potential in musculoskeletal disease. However, further elucidation of the diverse roles of vascular growth and redistribution in the joints remain an essential prerequisite to realize this potential.
